In the Spring of 1990, the Texas Agricultural Experiment Station dedicated the cattle and technical resources of the Angleton Research Station to the development of a resource herd which could be used to identify genes responsible for variation in growth and carcass quality traits. An experiment was designed in which F1 Angus x Brahman animals would be mated to both pure Angus and Brahman cattle using multiple ovulation and embryo transfer to produce large fullsib families of three quarter Angus and one quarter Brahman, or three quarter Brahman and one quarter Angus breeding. The design called for a total of 32 families with an average of 20 progeny per family for a total of 640 animals produced by embryo transfer. All of the cattle produced in this experiment were to be slaughtered to produce carcass data at approximately 20 months of age and following 150 to 170 days on feed. The Angus and Brahman breeds were selected because of their importance to U.S. beef cattle production, because they are members of two distinct subspecies (Bos taurus and Bos indicus) and because of their differences for marbling and tenderness. The genetic basis of both of these traits has been well established and the breed differences in tenderness and marbling are thought to be due to the fixation of alternate alleles at certain QTLs, in each of the breed types. The position of these genes within the genome --to a region on a specific chromosome --can be determined by scoring a map of DNA markers in the resource herd and sequentially testing each of the markers for an association with marbling or tenderness phenotypes. A DNA marker is a small, but uniquely defined, sequence of DNA for which the location on a specific chromosome can be determined and that is variable among individuals within the resource herd. DNA markers provide a method for the determination of the breed of origin of the DNA on the chromosomes inherited from the sire and dam at the point on the chromosome where the marker is located. Markers can be assigned to chromosomes and by determining the order of the markers and the distance between the markers on each of the chromosomes we can produce a genetic map. Considering each chromosome individually, we utilize a composite interval mapping approach to assess the statistical support (LOD score) for the presence of a QTL influencing a trait as the putative QTL is moved in 1 cM increments along the chromosome. Provided a sufficiently large LOD score (nominal significance level) is selected to minimize the rate of false positive detection, the position on the chromosome at which the maximum LOD score occurs defines the most likely position of the QTL. At this point, it may be possible to use the markers flanking the QTL to identify superior cattle for, e.g., marbling, or it may be necessary to actually identify the QTL responsible for the differences in marbling before selection using DNA markers is possible. The process of gene discovery is complex, but can most easily be accomplished by using comparative map information and the progress achieved in mapping the human and mouse genomes. The order and arrangement of many genes on human, mouse and bovine chromosomes has been conserved in the evolution of the species and consequently, an examination of the genes mapped on the corresponding human or mouse chromosomes may lead to the identification of the QTL.
The Angleton project has now produced 609 progeny within the resource families. Sixty eight of these calves were born in Spring 1996 and we are in the process of extracting DNA for this final group of animals. DNA has already been extracted on the remaining 541 progeny and their 82 parents and grandparents (Table 1) . A total of 240 markers have been scored in these animals and a completed map of approximately 300 markers is anticipated to be completed by December 1996. The average resolution of the Angleton map is one marker every 8.0 cM. These markers are located on all 29 of the bovine autosomes and on the X and Y sex-determining chromosomes (YEH et al. 1995) . The markers scored in the Angleton map were derived from markers produced in our laboratory at Texas A&M University (AREVALO et al. 1994; BHEBHE et al. 1994; HOLDER et al. 1994; BURNS et al. 1995a,b,c) and from markers derived from the public maps produced by the USDA MARC (BISHOP et al. 1994) and from the International Bovine Reference Pedigrees (BARENDSE et al. 1994) . Data produced under the Angleton project were contributed to an International Workshop to produce a consensus genetic map of chromosome 23 (BTA23) which contains the bovine major histocompatibility complex, a cluster of genes responsible for facets of immune response (BEEVER et al. 1996) and for the recent BTAI International Workshop held at the ISAG meeting in Tours, France. Figure 1 contains the Texas A&M University Department of Animal Science (TEXAN) map for BTAI which is presented in comparison to the other existing published maps for bovine chromosome 1.
The TEXAN map of BTAI spans 161 cM and is oriented with BM6438 proximal to the centromere. Comparison of this map to the other published maps reveals differences both in the estimated order of certain loci and in the estimated map distances between loci. For example, the order of ILSTS004 and RM95 are inverted in the USDA MARC and Illinois Reference/Resource families (MA et al. 1996) maps, however, the weight of evidence from considering all 5 maps supports the locus order in the USDA MARL map. There are a number of reasons for differences in estimated locus order between maps which, in increasing order of likelihood, include: the existence of a chromosomal inversion in one of the mapping families; genotyping errors, particularly in grandparents which force a locus to the end of a linkage group to minimize the number of double recombinants; and a limited number of coinformative meioses between loci in one, or more, maps and chance sampling effects. Variation in the estimates of recombination fraction among loci between maps results from true genetic differences for recombination among the individuals in the mapping populations; genotyping errors; and a limited number of coinformative meioses and sampling effects. All of these effects provide a strong argument for the need for Workshops to pool available data and construct consensus maps with a high level of statistical support for locus order and with sufficient numbers of coinformative meioses to estimate the map distances among loci with a high level of precision. (AB)A denotes an Angus backcross produced by mating an AB sire to an A dam, etc.
bNeither parent genotyped .
One parent genotyped. dBoth parents genotyped . Genetic maps should be considered as tools for the purpose of localizing QTLs to chromosomal regions. The maps themselves are of somewhat secondary importance, since in the process of developing a genetic map of a chromosome, we also produce an identity by descent (IBD) map for each individual in the mapping population. An IBD map indicates which grandparent contributed the DNA at each marker position on the chromosome for both the maternally and the paternally inherited chromosomes. Since most of the grandparents in the Angleton families are included in the construction of the map, and the breed of each grandparent is known, the IBD map for each progeny indicates whether the progeny inherited Angus or Brahman DNA at each marker on the maternally and paternally inherited chromosomes. These maps, provide the basis for testing for the presence of QTLs influencing carcass merit phenotypes in the Angleton families. Philosophically, this is as simple as testing whether animals that inherited two Angus alleles differ in performance from those that inherited two Brahman alleles at a given marker locus (and, of course, whether AB heterozygotes differ from the average of the AA and BB homozygotes). If there is no significant difference in the performance of these genotypes, we conclude that there is no QTL closely linked to the marker (and on the same chromosome as the marker) influencing the trait. By sequentially analyzing each marker (or pairs of markers, using interval analysis) in the order they appear on a chromosome and sequentially testing each chromosome, we are able to identify the approximate chromosomal position of the QTLs that have the greatest effect on a trait. Of course, in practice the analysis is somewhat more complex than this, since we also want to identify the most likely position on the chromosome between two markers that each QTL is located. To do this, we developed a series of computer programs to produce composite interval maps of each chromosome (DARVASI et al. 1993; HALEY and KNoTT 1992; JANSEN 1993; JANSEN and STAM 1994; ZHENG 1994) using the algorithm of HALEY and KNOTT (1992) . Our approach differs from that of HALEY and KNOTT (1992) in that all phase known information in F2 families are utilized, we use the Kosambi mapping to align the genetic and interval maps, and our algorithm considers only the coinformative loci within different families.
While the current analysis considers the Angus and Brahman breeds to be inbred lines (since we estimate the difference between `average' Angus and Brahman homozygotes), the existence of genetic variation within the breeds indicates that this assumption is not correct. However, we consider this analysis to be useful in the sense that any detected QTL must indicate strong frequency differences among QTL alleles between the breeds. Hence QTLs detected in this form of analysis have immediate utility for marker assisted selection in composite breeds. Conversely, if the breeds are not fixed for alternate QTL alleles, there must be QTL alleles with both smaller and larger effects within the breeds that would ultimately allow for within breed selection. The currently utilized analysis will not detect QTLs for which the allele frequencies are similar within the breeds. Once all of the Angleton progeny have been slaughtered, we plan to reanalyze our data allowing for variation in the QTL alleles present in each of the parents of the Angleton progeny.
The Angleton progeny are recorded for horn/polled status, coat color, coat speckling, structural, health, weight for age and growth characteristics. Beef cattle industry funds support the collection of carcass data including maturity, marbling, quality grade, yield grade, fat thickness, ribeye area, percentage of kidney-pelvic-heart fat and carcass weight. Tissue samples are brought to the Meats and Muscle Biology Laboratory at Texas A&M University for the determination of extractable lipids, moisture content, protein content, collagen analysis, 9-10-11th rib dissection, Warner-Bratzler shear force, descriptive sensory analysis (taste panel), fragmentation index, calcium dependent protease analysis, sarcomere length, fatty acid and cholesterol composition of longissimus dorsi, as well as stearyl coA desaturase and fatty acid elongase activity in the longissimus dorsi. All of these traits have been analyzed using the Angleton genetic maps to identify the location of genes that influence each of these traits. However, this part of the study remains in-progress, since we sample DNA on animals at weaning and consequently genetic data are available on an animal long before slaughter data become available. As groups of cattle are slaughtered, the analysis is updated to include the new phenotypic data and to evaluate the statistical support for the genes that have been identified. Currently, a total of 355 animals have been slaughtered and the final progeny group born this Spring will not be slaughtered until the Fall of 1997. Also in 1993, it was reported in the literature that the gene responsible for the horned and polled phenotypes (the POLL locus) mapped to bovine chromosome 1 (GEORGES et al. 1993) . We also had some evidence for this localization of POLL at the time, although we had scored the phenotypes of relatively few animals at slaughter. However, we proceeded to develop a map of chromosome 1 and in collaboration with ABS Global Inc., this map now contains 20 markers and includes two markers which flank POLL (BRENNEMAN et al. 1995; EGGEN et al . 1996) . The region containing POLL contains genes that are found on human chromosome 21 and on mouse chromosome 16, but because horns are not found in either of these species there are no obvious candidate genes for POLL in the maps of these human and mouse chromosomes. Thus, we are unlikely to identify this gene through a candidate positional cloning approach, and the ultimate cloning of this locus will probably require, as a first step, the construction of physical maps of the chromosome region. To this end, EGGEN et al. (1996) have screened a bovine YAC library for six STSs in the proximal region of BTA1 and have identified 20 YACs containing the target sequences. The six STSs along with end sequences of seven YACs were subsequently used to detect overlapping clones and to construct a contig of the region putatively containing POLL. Mapping by FISH of 6 YACs confirmed the localization of this contig to the BTA 1 q 12-q 14 region. This is quite a small physical region of DNA (perhaps only 3 Mb) and through the use of polymorphic microsatellites derived from this contig, we hope to more precisely define the position of POLL and ultimately to clone the locus.
The enzyme calpastatin is known to down-regulate a second enzyme calpain which is involved in the post-mortem degradation of connective tissue. Some data exist to suggest that carcasses with high levels of calpastatin in the longissimus dorsi muscle at 24 hours post-mortem tend to produce tough steaks as measured by Warner-Bratzler shear force (WBSF). The calpastatin enzyme is produced by the Calpastatin gene (CAST) which is known to map to the telomeric region of bovine chromosome 7. A RFLP marker that detects variation within the CAST has been developed and there has been some evidence that the genetic differences detected by this marker also detect differences in beef tenderness. In a collaboration with Dr. Noelle Cockett of Utah State University, we scored genotypes for this marker in a sample of the Angleton progeny. We then integrated this marker into our map of bovine chromosome 7 and tested the whole chromosome to determine whether there are any genes on the chromosome that appear to be involved in the expression of the calpastatin enzyme or with WBSF and taste panel assessments of beef tenderness (Overall Tenderness). Figure 2 shows the interval maps for Calpastatin enzyme activity, Warner-Bratzler Shear Force and Overall Tenderness on chromosome 7. The origin represents the telomere of the chromosome where CAST is located. Figure 2 reveals only modest evidence for the presence of a QTL on BTA7 influencing calpastatin activity (LOD =1.75 at 24 cM), however, the estimated position of the QTL is 24 cM from CAST which is located at 0 cM. This may be a sampling effect, or may indicate the presence of a second gene on BTA7 involved in the regulation of calpastatin. Perhaps of more importance, there is no evidence for a QTL differing between Angus and Brahman that influences WBSF. However, there is weak evidence for the existence of two QTL, one toward the telomere (at the location of CAST; LOD =1.35) and the second toward the centromere (LOD =1.74) influencing Overall Tenderness, the taste panel evaluation of tenderness. While the magnitude of the LOD score necessary to conclude the presence of a QTL is contentious, a LOD of 1.75 would not generally be considered sufficient to conclude the presence of a QTL, and we conclude that there are no fixed differences between Angus and Brahman that influence measures of tenderness on chromosome 7 -at least with a magnitude of effect that could be detected in this experiment. This does not preclude the existence of QTL influencing these traits for which there is QTL allele frequency variation among Angus and Brahman cattle, however, examination of this issue must await the completion of collection of carcass data on the remaining Angleton progeny. To perhaps further confuse the issue, we did identify a QTL on chromosome 19 which influenced calpastatin activity (LOD = 3.67) but this QTL had no effect on either WBSF or Overall Tenderness.
While our study of CAST on chromosome 7 was prompted by the current interest in this gene, our approach in the Angleton project has been to screen all of the bovine chromosomes in order to detect important genes regardless of their location within the genome. To date we have detected the presence of genes influencing nearly all of the traits examined in the study. Since we have recorded data on 62 traits, because we have identified more than one gene affecting many of the traits and because these data are unpublished, a detailed list cannot be presented here. However, of particular importance, we have identified four genes that appear to influence marbling and another four genes that influence either taste panel or WBSF measures of tenderness. We have also detected genes that appear to influence growth post-partum, but do not influence birth weight. One of these genes which maps to BTA2 is located in the chromosome region which has recently been shown to contain the gene responsible for double muscling in Continental breeds of cattle (CHARLIER et al. 1995) . While there is no evidence for double muscling in the Brahman or Angus cattle used in the Angleton study, this suggests that there is a major gene on BTA2 influencing growth where one (or perhaps more than one) mutation in the gene results in double muscling, but that other mutations in the gene result in significant differences in the growth rate of cattle. While we have been able to dramatically alter the growth weight of cattle through traditional selection approaches, we usually do so at the detriment of birth weight and calving difficulty. The importance of this gene may be that selection for alleles which confer higher rates of growth may not confer higher birth weights. At present we do not know the identities of any of these genes, with perhaps the exception of a gene on chromosome 1 that influences both fatness and liveweight and another gene on chromosome 2 that has an effect on ribeye muscle area and on dressing percent. We are using the comparative human and mouse map information cattle to identify appropriate candidate genes for the QTLs that we have identified. To confirm or deny the identities of these candidate genes, we are in the process of developing markers for each of the genes (CAI et al. 1995 ) so that they can be incorporated into our genetic map. A candidate gene that enters the map at a position near an identified QTL is likely to be the responsible gene. Using this approach we have generated evidence to suggest that the myacin light chain 1(MYLI) gene is the gene on chromosome 2 that is responsible for the detected variation in ribeye area and dressing percent. The research to be conducted in the next few years of the project will focus heavily on this approach to gene discovery.
Before DNA tests can be developed and offered to industry for any of the genes identified to influence carcass merit in this project the effects of variation in each gene must be validated in independent cattle families. To accomplish this, we have initiated a collaboration with Linkage Genetics (Salt Lake City, UT) and are in the process of collecting DNA samples from large pedigrees in which carcass data are available. Linkage Genetics will genotype these pedigrees for appropriate markers in order to validate or refute our results. We shall commercialize tests for validated genes for which we can develop a reliable test to detect the variation in the gene that is responsible for differences in carcass merit. 
